ABSTRACT: Loggerhead sea turtles Caretta caretta have been listed as threatened under the US Endangered Species Act since 1978, and a change in their listing status to endangered was recently under consideration. Estimates of adult population size are needed to evaluate population status, but include a number of uncertainties. A point estimate of loggerhead population size based on a nest count fails to convey the range of our uncertainty in the estimated number of individuals in a population. We developed distributions of adult female loggerhead subpopulation sizes for 5 subpopulations of the western North Atlantic, and for the western North Atlantic population as a whole. Distributions were derived by re-sampling from available nest counts (2001−2010) and data on breeding interval, survival and clutch frequency, each affecting the extrapolation of nest numbers to adult females. Our best estimate for the western North Atlantic adult female loggerhead population was 38 334 (SD = 2287) adult females. Confidence limits on estimates for the individual subpopulations ranged from a high of 45 058 adult females for Peninsular Florida to a low of 258 adult females in the Dry Tortugas. To reduce uncertainty in population estimates, research needs to focus on quantifying breeding interval and clutch frequency, especially in the less-studied subpopulations.
INTRODUCTION
Loggerhead sea turtles Caretta caretta have been listed as 'threatened' under the US Endangered Species Act since 1978 (USFWS & NMFS 1978) . Loggerheads are distributed worldwide and may be divided into 9 distinct population segments (US Department of the Interior & US Department of Commerce 2010).
Potentially the largest nesting aggregation is the western North Atlantic loggerhead population, which has subsequently been described as being divided into at least 5 subpopulations (TEWG 2009) , and further subdivision may be warranted (Shamblin et al. 2010) . Because of strong nest site fidelity among females, which leads to genetic differentiation and a lack of immigration, the smaller of these subpopula-tions may have a high risk of extinction. From 1998 to 2006, nest counts of the largest of the 5 designated subpopulations (Peninsular Florida) declined by 50% (TEWG 2009 , Witherington et al. 2009 ). However, recent nest counts for that subpopulation have increased, and are now at levels seen in the early part of the decade (Florida Fish and Wildlife Conservation Commission unpubl. data). There was an urgent need for a thorough evaluation of population status to determine whether a change in listing for the species, from 'threatened' to 'endangered', was necessary for management (US Department of the Interior & US Department of Commerce 2010).
Sea turtles are not often seen, except when they come on beaches to nest, or when they are either captured in fisheries or stranded onshore (TEWG 2009 ). There has been a good effort to monitor nesting in the USA and through much of the Northwest Atlantic population's range, and nest number has generally been used as the primary indicator of population size (Witherington et. al. 2009 ). Although good nest counts exist for most of the western Atlantic loggerhead subpopulations, methods for extrapolation of these counts to adult females have not been consistent. The number of years that loggerhead females spend between nesting (interannual nesting interval, or breeding interval) and the number of nests they lay per season (clutch frequency) can vary among areas, among individuals and throughout an individual's lifetime (see Dodd 1988 , Schroeder et al. 2003 . Uncertainty in nest counts and extrapolation of those counts to the adult population has not been thoroughly considered in past assessments. A simple estimate of adult female population size based on point estimates of clutch frequency and breeding interval fails to convey the range of variability and uncertainty around that estimate. Estimates of population size that do not take into account the variability in the underlying parameters give a false sense of confidence and, in population assessments, tend to underestimate the probability of extinction (Morris & Doak 2002) . Estimates of the number of adult females in each subpopulation are vital to effective management and for prioritizing conservation efforts on those subpopulations most in danger of extinction (Morris & Doak 2002 , NMFS & USFWS 2008 . The challenge is to estimate population size in a consistent way that takes into account the variability and uncertainty in the parameters that contribute to those estimates.
We have estimated distributions of adult female loggerhead subpopulation sizes for the 5 subpopulations of the western North Atlantic using a resampling technique that acknowledges the uncertainty in parameters used for conversion of nest counts to adult females. We re-sampled from data available from the literature and nesting beach observations to create confidence intervals around our estimates of subpopulation sizes. These estimates can be used in the evaluation of population status and potential effects of anthropogenic mortality.
MATERIALS AND METHODS

Adult female population estimation
Our population estimation technique was designed to incorporate uncertainty in the parameters used to extrapolate nests to adult females. As in previous studies, we estimated current subpopulation sizes of adult female loggerhead sea turtles for each subpopulation: adult females = (nests/ clutch frequency) × (survival-adjusted breeding interval), modified from TEWG (2007). We used the bootstrapped mean nest count of the last 10 yr (2001 to 2010; Table 1) in each subpopulation for the 'nests' term to create a conservative set of estimates. We assumed that annual nest counts were a complete census with no error and that 10 yr of nest data captures the breeding interval of even the most infrequent breeder. We acknowledge that in practice all nests are not counted and thus our data are minimal counts of nests. Then we resampled from the available data on clutch frequency and breeding interval, calculated the mean survival adjusted breeding interval (Frazer 1984) , and estimated the number of adult females using the equation above. The western North Atlantic population of adult females was estimated as the sum of each of the subpopulations. Distributions of adult females were generated based on 100 000 resamples of available data for each subpopulation.
Subpopulations
We used the definitions of the western North 
Number of nests
The bootstrapped mean annual number of nests was used to estimate the current population size of adult females for each subpopulation for the period 2001 to 2010 (Table 1) . We did not attempt to compensate for this underestimate, acknowledging that it may represent a conservative bias to our subpopulation estimate, potentially as high as 8%. In the Greater Caribbean there are no annual estimates available from places other than Mexico and Cuba. In Cuba, it is unlikely that all nests outside the primary nesting beaches were counted. Based on SWOT (2006 to 2007), we added 255 nests per year to the available time series as a minimum estimate for the remainder of the Caribbean. A further exception was the absence of regular surveys of remote, uninhabited barrier islands, such as those that exist throughout the range of the Northern US subpopulation. We did not attempt to estimate the number of missing nests, but we believe that the majority of nests in each subpopulation were counted; however, all nest counts must be considered minimum estimates.
Clutch frequency (nests per female per season)
Females lay multiple clutches of eggs during one nesting season. There are many sources of information on clutch frequency (see compilation by Schroeder et al. 2003 ) based on observations on the beach, some- 
Breeding interval ('remigration')
Breeding intervals are variable, even for a given female, and loggerheads only rarely nest in consecutive seasons (Dodd 1988 , Schroeder et al. 2003 . The observed intervals (Table 2 ) are based on recaptures of tagged females, and hence only represent turtles that survived to nest in a subsequent year. Turtles with longer intervals between nesting seasons have an inherently lower probability of surviving to nest again than turtles with a shorter breeding interval, and therefore estimates are naturally biased low. Frazer (1984) adjusted the breeding interval observed on Little Cumberland Island by his point estimate of survival in the adult population. We followed the same general procedure with the estimated breeding intervals (Table 2) , adjusted by a parametric bootstrap (assuming a beta distribution) of the most recent survival estimates of 0.71 (SD = 0.014) from Melbourne Beach for the Peninsular Florida subpopulation, 0.81 (SD = 0.019) from Wassaw Island for the Northern USA subpopulation, and 0.85 (SD = 0.018) from Mexico for the Greater Caribbean subpopulation (TEWG 2009). We used a nest count weighted bootstrap and a nest count weighted survival for the subpopulations without observed measures of breeding interval. Fig. 1 ). Percentile estimates from the frequency distributions of each subpopulation estimate and for the total western North Atlantic are provided in Table 3 , and can be interpreted as conservative best estimates of adult female subpopulation sizes for the last decade.
RESULTS
Our
DISCUSSION
Our estimates of adult female loggerhead populations in the western North Atlantic (Table 3 , Fig. 1 ) incorporate the uncertainty in available parameters. We interpret our estimates as the approximate population size of adult female loggerheads in the western North Atlantic over the last decade (2001 to 2010). These estimates should be useful for focusing research and conservation efforts towards those subpopulations, such as the Dry Tortugas and the Northern Gulf of Mexico, that may be perilously small. If there is little or no movement of nesting females from the larger subpopulations to the smaller ones, then these smaller subpopulations would be at much greater risk of local extinction. Furthermore, if the Florida subpopulation is more finely divided genetically than assumed in the present study (see Shamblin et al. 2010) , then the risk of local extinctions may be more widespread. Even if we assume that the nests on Cay Sal Bank, Bahamas, are a part of the Dry Tortugas subpopulation, our median estimate of 331 adult females would still mean that a relatively minor local catastrophe could drive the subpopulation to extinction. Perhaps the most useful application of our method will be to more clearly quantify the relationship between nest counts as an index of population trend and the size of the adult female population.
Nest counts are the most reliable index that we have at present for sea turtle population sizes (Witherington et. al. 2009 ). Although we have nest counts from all loggerhead subpopulations in the western North Atlantic (Table 1) , these counts underestimate the total number of nests because we are unable to collect complete counts for all subpopulations, especially non-US nest sites. We assumed that because the nest count approximations from the Caribbean outside of Cuba and Quintana Roo are currently only 8.3% of the total nests counted in the Caribbean, additional nests from non-US sites may only add a small percentage to the total count for the western North Atlantic. However, even a few additional nests could be a substantial increase for the Greater Caribbean. This is especially important because of the high genetic diversity of loggerheads in the Quintana Roo nesting assemblage (Encalada et. al. 1999 ). The Caribbean may have been the source of loggerheads recolonizing beaches to the north post-glaciation (Encalada et al. 1998 , Bowen & Karl 2007 , but see Shamblin et al. 2010) . Consistent annual nest counts for all, or at least most, of this region, together with the work already being carried out in Quintana Roo, Mexico, would go far in helping to properly assess and hopefully protect loggerheads in the Greater Caribbean, and the western North Atlantic as a whole.
An increase or decline in the number of nests from one year to the next, or even over several years, might not reflect a change in the number of adult females; therefore, running averages have been used to account for mean breeding interval when converting nest counts to population estimates (Snover & Heppell 2009 ). We have done essentially the same here, using a 10 yr time series to produce a mean and variance in nest count that captures the longest observed breeding interval of 10 yr (see Table 2 shorter time series would have been complicated by potential bias in the selection of years and because we did not have time series of any other parameters. Implicit in our use of the 2001 to 2010 nest count time series was the assumption that there was no overall trend in nest counts during this period. Although nest counts have shown declining trends over portions of this time period for the largest subpopulation (Peninsular Florida; Witherington et al. 2009 , TEWG 2009), we were not able to make population estimates for each year for any subpopulations. Nest counts can vary widely year to year because of factors other than changes in female population size (Meylan 1982 , Solow et al. 2002 , Van Houtan & Halley 2011 . We could not evaluate trends in the annual adult female population size using the methods presented here because breeding interval and clutch frequency were not determined annually.
We relied on estimates of clutch frequency from only 3 sites and very short time periods to extrapolate to all of the subpopulations. We used only satellitetelemetry-determined clutch frequency for a subpopulation unless no estimate was available, in which case we used the traditional nocturnal-taggingdetermined values. Determining nests per female by tagging efforts has been shown to underestimate clutch frequency and thus overestimate population size (Tucker 2010) . The fundamental problem of estimating clutch frequency by tagging efforts is that some nesting events during a season may not be observed because some females nest outside of the study area. A similar problem exists for estimating breeding interval, which may introduce an even greater bias because of the larger time frame (2 or more years) needed to detect a female returning to nest. Our estimates of breeding interval relied on a few studies in a few areas and over long time periods (20 to 30 yr). It seems likely that clutch frequency and breeding interval may vary substantially both spatially and temporally (Dodd 1988 , Schroeder et al. 2003 . Ideally, we would have independent annual estimates of all parameters (nest count, breeding interval, clutch frequency and survival) and their variation for each subpopulation. The need for independent estimates of parameters from more locations becomes even more pressing if the western North Atlantic population is further divided into more subpopulations (as suggested by Shamblin et al. 2010) . The results of the present study would not be greatly affected by such changes because we relied on the limited number of measurements from only a few sites that are currently available. If our method were to be used in the future with more spatially detailed parameter estimates, then different subpopulation boundaries could have very interesting, and possibly very large, impacts on estimates of population size and/or trends.
To improve population estimates based on nest counts, it is important to concentrate especially on improving estimates of clutch frequency and breeding interval, and on improving measures of temporal and spatial variation in those parameters. Clutch frequency would ideally be measured by satellite telemetry in each subpopulation over a number of years. Breeding interval could be estimated annually by measuring plasma steroid levels of females in foraging grounds, such as has been done for green sea turtles Chelonia mydas from southern Queensland, Australia (Hamann et al. 2002) , within an intensive in-water sampling program. This method would also eliminate the additional complications of measuring breeding interval with repeated interception of animals on the beach, and adjusting breeding interval by adult female survival.
In summary, consistently collected annual nest counts for all subpopulations over a period of 15 to 20 yr (or more), combined with consistent estimates of clutch frequency and the proportion of females nesting in each subpopulation in each year, would provide the minimum data needed to determine an annual population trend. Longer time series would be preferable, and the ideal length of time series depends upon the time to maturity for loggerheads 
